The mammalian bombesin (Bn) peptides, neuromedin B (NMB) and gastrin-releasing peptide (GRP), have widespread actions in many tissues, and their effects are mediated by two closely related G-protein-coupled receptors, the NMBR and GRPR. Little is known about the structural determinants of NMBR selectivity for NMB, in contrast to GRP selectivity for the GRPR, which has been extensively studied. To provide insight, chimeric NMBR-GRPR loss-of-affinity and gain-of-affinity mutants were made, as well as NH 2 -terminally truncated NMBR and point mutants using site-directed mutagenesis. Receptors were expressed in Balb-3T3-cells or CHOP cells, and affinities were determined. NMB had 115-fold greater affinity for NMBR than GRPR. Receptor-chimeric studies showed that NMBR selectivity for NMB was primarily determined by differences in the third extracellular (EC3) regions of GRPR-NMBR and adjacent upper-transmembrane-5 (TM5) region. In this region, 24 NMB gain-of-affinity GRPR mutants or NMBR loss-of-affinity point/ combination mutants were made. Three gain-of-affinity mutant
mune system (effects on macrophages, lymphocytes, leukocytes, and dendritic cells) and endocrine effects (release of numerous hormones/neurotransmitters), effects in the gastrointestinal tract (motility, secretion, and growth), and effects in the urogenital tract and respiratory system (Moody and Merali, 2004; McCoy and Avery, 1990; Jensen et al., 2008) . GRP and, to a lesser extent, NMB have important pathophysiological effects. These include having a prominent effect on the growth and/or differentiation of a number of important human tumors (colon, prostrate, lung, head/neck squamous cell, CNS, pancreatic, and some gynecologic cancers) and, in some cases, function as autocrine growth factors (Cuttitta et al., 1985; Jensen and Moody, 2006; Jensen et al., 2008) . In addition, GRPR/NMBR is one of the G-proteincoupled receptor family most frequently expressed ectopically or overexpressed by a different tumors, including prostate cancer, small cell lung cancer, breast cancer, CNS tumors (glioblastomas), and carcinoids (intestinal, thymic, and bronchial) (Jensen et al., 2001 Reubi et al., 2002; Jensen and Moody, 2006) .
The structural basis for the selectivity of GRPR agonists/ antagonists and high affinity for the GRPR has been extensively studied Tokita et al., 2002; Nakagawa et al., 2005; Gonzalez et al., 2008) . However, little is known about the molecular basis of selectivity and high affinity of NMB for the NMBR. One previous study provides evidence that differences between GRPR and NMBR in the upper fifth transmembrane region might be particularly important. However, in this study , other NMBR/GRPR regions were not systematically examined. In this present study, we attempted to identify the amino acids responsible for the high affinity/selectivity of NMBR for NMB. We made an NH 2 -terminal truncated NMBR mutant and used a chimeric NMBR-GRPR receptor approach. The latter approach was used because it has been proven to be useful in elucidating the structural basis of other G-protein-coupled receptor interaction with their ligands Tokita et al., 2002; Gonzalez et al., 2008) . The receptor chimeric approach was accomplished by exchanging extracellular NMBR and GRPR domains (NMB loss-and gainof-affinity chimeras). This was combined with a site-mutagenesis approach to identify critical amino acid(s) in the important regions localized by the receptor-chimera studies. Our results show that the selectivity of NMBR for the NMB over the GRPR depends primarily on differences in the amino acids in the third extracellular (EC) domains of the receptors and in the adjacent upper fifth transmembrane (TM) region of these two receptors. Site-directed mutagenesis demonstrated that the presence of isoleucines 199 and 215 in NMBR and that of glutamine located in position 203 in NMBR, instead of an alanine 198, serine 216, and histidine 202, in the comparable positions of GRPR, respectively, are the crucial differences responsible for high affinity/ selectivity for NMB. Additional site-directed mutagenesis at these sites suggested an important role of hydrophobicity as well as steric factors and charge differences between the different substitutions in these two receptors at these positions in determining high affinity for NMB.
Materials and Methods

Materials
The mammalian expression vector, pcDNA3, custom primers, restriction endonucleases (BamHI, HindIII, XbaI, and EcoRI), penicillin-streptomycin, Lipofectamine Plus reagent, Geneticin-selective antibiotic (G418 sulfate), and essential amino acid solution were from Invitrogen (Carlsbad, CA). QuikChange site-directed mutagenesis kit, Seamless cloning kit, and ExSite polymerase chain reactionbased site-directed mutagenesis kit were from Stratagene (La Jolla, CA). Dulbecco's minimum essential medium (DMEM), phosphatebuffered saline, fetal bovine serum (FBS), and trypsin/EDTA (Versene) solution were from BioSource International (Camarillo, CA). Balb-3T3 cells (mouse embryo) were from American Type Culture Collection (Manassas, VA), and CHOP cells (Polyoma large T antigen-expressing Chinese hamster ovary cells) were a gift from James W. Dennis (Samuel Lunenfeld Research Institute, Toronto, ON, Canada). Bn and NMB were from Bachem California (Torrance, CA). PD168368 was from Tocris Bioscience (Ellisville, MO). [D-Phe 6 , ␤-Ala 11 ,Phe 13 ,Nle 14 ]Bn-(6 -14) and [D-Tyr 6 ,␤-Ala 11 ,Phe 13 ,Nle 14 ]-Bn-(6 -14) were a gift from David H. Coy (Peptide Research Laboratories, Tulane University Health Sciences Center, New Orleans, LA). Na 125 I (2200 Ci/mmol) was from GE Healthcare (Little Chalfont, Buckinghamshire, UK). 1,3,4,6-Tetrachloro-3␣,6␣-diphenylglycoluril(IODO-GEN) and dithiothreitol were from Pierce Biotechnology Inc. (Rockford, IL). Bovine serum albumin fraction V (BSA) and HEPES were from MP Biomedicals (Solon, OH). Soybean trypsin inhibitor type I-S and bacitracin were from Sigma-Aldrich (St. Louis, MO). All other chemicals were of the highest purity commercially available.
Methods
Construction of NH 2 -Terminal Truncated NMBR and Isolation of NMBR-Truncated Stably Transfected Cell Lines. The cDNA of the rat NMBR was identical to that described previously (Wada et al., 1991; Benya et al., 1992) . The cDNA of the wild-type NMBR was cloned into the EcoRI restriction enzyme site of pcDNA3. An NMB receptor, in which the NH 2 terminus was completely truncated, was constructed by using the ExSite polymerase chain reaction-based site-directed mutagenesis kit following the manufacturer's instruction with minor modification. Thirty-eight amino acids in the NH 2 terminus of NMBR (from proline at the position 2 of the amino acid sequence in NMBR through glutamic acid at the position 39 of amino acid sequence) were deleted. This truncated DNA plasmid was transfected into Balb-3T3 cells with Lipofectamine (see "Cell Transfection"), and the transfected cells were selected with the selecting medium, which contains the Balb-3T3 growth medium with 800 mg/l G418. Selected colonies were maintained with medium containing 300 mg/l of G418. Nucleotide sequence analysis of the entire coding region was performed using an automated DNA sequencer (ABI Prism 377 DNA sequencer; Applied Biosystems Inc., Foster City, CA).
Construction of the GRPR/NMBR Chimeras. The cDNA of the mouse GRPR was identical to that described previously Benya et al., 1993 Benya et al., , 1994 . The cDNA of the wild-type GRPR was cloned between the HindIII and XbaI restriction enzyme sites of pcDNA3. Chimeric GRP and NMB receptors were made by exchanging the extracellular portions of each receptor as described previously (Tokita et al., 2001a (Tokita et al., , 2002 . In brief, each chimera was constructed using the Seamless cloning kit as described previously (Tokita et al., 2002) . Nucleotide sequence analysis of the entire coding region was performed using an automated DNA sequencer (ABI Prism 377 DNA sequencer; Applied Biosystems Inc. Construction of Mutant GRP and NMB Receptors. The GRPR and NMBR mutant receptors were constructed using the QuikChange site-directed mutagenesis kit following the manufacturer's instructions, with the exception that the DpnI treatment was 2 h instead of the 1-h time period recommended by the manufacturer. Nucleotide sequence analysis of the entire coding region of each mutant receptor was performed using an automated DNA sequencer (ABI Prism 377 DNA sequencer; Applied Biosystems Inc.).
Growth and Maintenance of Cells. Balb-3T3 cells were grown in DMEM containing 10% (v/v) FBS, 100 units/ml penicillin, and 100 g/ml streptomycin. CHOP cells were grown in DMEM containing 10% (v/v) FBS, 100 units/ml penicillin, 100 g/ml streptomycin, and 200 g/ml G418. All cells were maintained at 37°C in a 5% CO 2 atmosphere. Cells were split every 3 to 4 days at confluence after detaching the cells with trypsin/EDTA solution.
Cell Transfection. Balb-3T3 or CHOP cells were seeded in a 10-cm tissue culture dish at a density of 10 6 cells/dish and grown overnight at 37°C in growth medium. The next morning, 5 g of plasmid DNA was transfected by cationic lipid-mediated method by using 30 l of Lipofectamine reagent and 20 l of Plus reagent in Opti-MEM I reduced-serum medium for 3 h at 37°C. The transfection medium was then replaced with fresh growth medium as outlined above. Cells were maintained at 37°C in a 5% CO 2 atmosphere and were used 48 h later for binding assays. (6 -14) at a specific activity of 2200 Ci/mmol were prepared by a modification of methods described previously . In brief, 0.8 g of IODO-GEN (in 0.01 g/ml chloroform) was added to a vial, dried under a stream of nitrogen, and washed with 100 l of KH 2 PO 4 (pH 7.4). To the reaction vial, 20 l of 0.5 M KH 2 PO 4 (pH 7.4), 8 g of peptide in 4 l of water, and 2 mCi (20 l) of Na 125 I were added, mixed gently, and incubated at room temperature for 6 min. The incubation was stopped by the addition of 100 l of distilled water. In the case of 125 I- [Tyr 4 ]Bn, 300 l of 1.5 M dithiothreitol was also added, and the iodination mixture was reincubated at 80°C for 60 min to reduce the oxidized methionines. Radiolabeled peptides were separated using a Sep-Pak (Waters, Milford, MA) and high-pressure liquid chromatography as described previously Tokita et al., 2001a) . Radioligands were stored with 0.5% BSA at Ϫ20°C.
Whole-Cell Radioligand Binding Assays. Binding studies were performed as described previously (Benya et al., 1994; Tokita et al., 2001a,b) . In brief, disaggregated Balb-3T3 cells, which had been stably transfected with the NH 2 -terminal truncated NMBR, or Balb-3T3/CHOP cells were used in the binding assay 48 h after transient transfection with GRPR/NMBR mutants with Lipofectamine reagent. These cells were incubated for 1 h at room temperature in 250 l of binding buffer [24.5 mM HEPES, pH 7.4, 98 mM NaCl, 6 mM KCl, 2.5 mM KH 2 PO 4 , 5 mM sodium pyruvate, 5 mM sodium fumarate, 5 mM sodium glutamate, 2 mM glutamine, 11.5 mM glucose, 0.5 mM CaCl 2 , 1.0 mM MgCl 2 , 0.01% (w/v) soybean trypsin inhibitor, 0.2% (v/v) Pradhan et al., 1998; Reubi et al., 2002) . Even though a previous study has shown that GRPR receptor expression levels over a Ͼ350-fold range do not alter agonist affinity (Tsuda et al., 1997) , to correct for any possible degradation, the cell concentration was adjusted to be between 0.01 and 5 ϫ 10 6 cells/ml so that Ͻ20% of the total added radioactive ligand was bound during incubation. Furthermore, the difference of the total added radioactive ligand percentage between the wild-type and mutant receptor was adjusted to be within 5%. After the incubation, 100-l aliquots were added to 400-l microcentrifuge tubes (PGC Scientific, Frederick, MD), which contained 100 l of binding buffer to determine the total radioactivity. The bound tracer was separated from unbound tracer by pelleting the cells through the binding buffer by centrifugation at 10,000g in a microcentrifuge system (Microfuge E; Beckman Instruments, Palo Alto, CA) for 3 min. The supernatant was aspirated, and the pelleted cells were rinsed twice with a washing buffer that contained 1% (w/v) BSA in phosphate-buffered saline. The amount of radioactivity bound to the cells was measured in a Cobra II Gamma counter (PerkinElmer Life and Analytical Sciences, Boston, MA). Binding was expressed as the percentage of total radioactivity that was associated with the cell pellet. 
Results
Comparison of the Affinity NMB and Bn for the NH 2 -Terminal Truncated NMBR [NMBR(1,40)-390] and the
Wild-Type NMB Receptor. Previous studies with the GRPR show that its NH 2 terminus is not essential for highaffinity agonist binding and that the selectivity of Bn peptide receptor agonists for GRPR was primarily determined by differences in extracellular receptor domains and, to a lesser extent, by differences in the adjacent upper TM regions Tokita et al., 2002; Nakagawa et al., 2005; Jensen et al., 2008) . To investigate the importance of the NH 2 terminus of NMBR for determining the affinity of NMB, we made an NMBR mutant in which the NH 2 terminus was completely truncated. The N-terminal truncated NMBR showed the same affinity (IC 50 ϭ 0.3 nM) for NMB as the wild-type NMBR (IC 50 ϭ 0.3 nM) ( Fig. 1 ; Table 1 ). Furthermore, no significant differences were found between the affinity of Bn for [NMBR(1,40)-390] and the wild-type NMBR (IC 50 ϭ 2.8 and 1.5 nM, respectively). NMB demonstrated a 115-fold higher affinity for NMBR (IC 50 ϭ 1 nM) compared with GRPR (115 nM) ( 3), chimeric NMBR and GRPR were made by exchanging their extracellular domains (Figs. 2 and 3). Four potential NMB gain-of-affinity GRPR chimeras were made by substituting the extracellular domains of GRPR with the comparable domain of NMBR (Fig. 3) . Furthermore, the reverse study was performed by making four NMB loss-of-affinity NMB chimeric receptors by substituting the extracellular domains of NMBR with the comparable domains of GRPR (Fig. 2) .
With the NMB gain-of-affinity GRPR chimeras, the substitution of EC3 in GRPR by the comparable domain of NMBR showed the greatest effect by increasing NMB affinity 4.6-fold (from 115.1 Ϯ 7.3 to 24.9 Ϯ 4.9 nM) ( Fig. 3 ; Table 1 ). In contrast, the substitution of their EC1 or EC4 extracellular domain of GRPR, with those from NMBR, had only a minimal effect on NMB affinity, increasing it by 1.8-fold (from 115.1 Ϯ 7.3 to 61.1 Ϯ 16.3 and 62.8 Ϯ 15.8 nM, respectively) ( Fig. 3 ; Table 1 ). When the EC2 domain from GRPR was substituted by the equivalent extracellular domains of NMBR, no difference in the affinity of that chimera for NMB was observed (128.2 Ϯ 39.5 nM) ( Fig. 3 ; Table 1 ).
The reverse study was performed by making NMB loss-ofaffinity chimeras by substituting extracellular domains of GRPR into NMBR (Fig. 2) . Substitution of the EC3 domain in NMBR by the comparable domain of GRPR decreased affinity for NMB by 80-fold (from 1.0 Ϯ 0.2 to 80.4 Ϯ 14.5 nM) ( Fig.  2 ; Table 1 ). In contrast, the substitution of EC1, EC2, or EC4 in NMBR by the compare domains of GRPR only minimally altered the NMB affinity of these chimeras by causing a decrease of 0.5-to 4-fold ( Fig. 2 ; Table 1 ). The differences seen with the loss-of-affinity and gain-of-affinity chimeric receptors were not due to a global alteration in receptor conformation, because each chimeric receptor retained high affinity for Bn (Table 1) . These results show that differences in the third extracellular domain of the NMB and GRP receptors play an important role in determining the selectivity of the NMBR for NMB. ]Bn as the ligand. Each point on the dose-inhibition curves is the mean Ϯ S.E.M. from at least three separate experiments, and each point was determined in duplicate in each experiment. Data are expressed as the percentage of saturable binding when no unlabeled peptide was present.
[e1NMBR]GRPR refers to the GRPR chimera in which the first extracellular loop (NH 2 terminus) of GRPR is replaced by the comparable domain from NMBR. 
EC3 of GRPR and Adjacent TM Region Mutants (Gain-of-Affinity Point and Combination Mutants).
To investigate further the molecular basis for the selectivity of NMB, we attempted to determine which specific amino acid(s) differences in the EC3 region of GRPR/NMBR are responsible for the high affinity of NMB for NMBR. We did this by systematically studying the importance of individual amino acid(s) differences and similarities in the EC3 domain of these two receptors (Fig. 4) . We also included in this analysis differences in the upper adjacent fifth TM region (Fig. 4) , because a previous study demonstrated that differences between GRPR and NMBR in this region were important for NMB affinity. The NMBR and GRPR in this region differed in 20 amino acids (Fig. 4) . In NMBR, of the 20 differences, 19 occurred in the EC3 region and one occurred in the upper adjacent fifth TM region. Specifically, the differences occurred at NMBR positions 183 to 190, 193 to 194, 196 to 197, 199, 203 to 205, and 214 to 216 (Fig. 4, top) , which are comparable to GRPR positions 181 to 188, 192 to 193, 195 to 196, 198, 202 to 204, and 213 to 215 (Fig. 4, bottom) . To study the 20 amino acid(s) differences, we first made 14 GRPR gain-of-affinity point mutants and three double GRPR mutants by substituting in GRPR the comparable different amino acids from NMBR (Fig. 4) .
Three gain-of-affinity GRPR mutations had a prominent effect on NMB affinity ( N204D] ) by the comparable amino acid(s) of NMBR had no effect on NMB affinity ( Fig. 5 ; Table 2 ). Because neither the substitution of [A198I] in GRPR nor [H202Q] in GRPR caused a gain-of-affinity equal to that seen with the substitution of the complete EC3 of NMBR in GRPR (Tables 1 and 2 , 47.5 and 46.7 versus 24.9 nM), we explored the possible effect of multiple simultaneous amino acid substitutions in the EC3. We first made gain-ofaffinity mutant GRPR with combinations of the point mutations that alone had an effect. The double mutant [A198I,H202Q] in the GRPR resulted in a 5-fold increase in the NMB affinity (23.4 Ϯ 1.9 nM) compared with native GRPR (115.1 Ϯ 7.3 nM). This result represented an additive effect because the increase in the NMB affinity in the double mutant is greater than the increase in NMB affinity seen with either [A198I] or [H202Q] alone. Furthermore, the increase in NMB affinity in the double mutant [A198I,H202Q] GRPR is equal to the increase in affinity caused by the substitution of the whole EC3 domain in GRPR by the comparable domain of NMBR ( Fig. 5, top ; Tables 1 and 2) . A previous study reported that the presence at the EC3-fifth TM border of NMBR (position 216) of an isoleucine, instead of a serine at this position in GRPR (position 215), had an important effect on NMBR affinity. Therefore, we examined its effect alone or in combination with the important EC3 regions that we identified. The [S215I]GRPR mutant demonstrated a marked gain in affinity for NMB (from 115 to 5.4 nM) (Table 2 ). However, it did not completely restore NMB affinity to that seen with the wild-type NMBR (i.e., 1 nM) ( Table 2 ). When this mutation was combined with the EC3 mutation, H202Q, in GRPR [H202Q,S215I]GRPR, no further increase in affinity was seen (Fig. 5, bottom Fig. 6; Table 2 ). Because the EC3 of NMBR is one amino acid shorter than the EC3 of GRPR [i.e., lacks an amino acid equivalent to Thr 190 in GRPR (Fig. 4) ], the effect of deletion of Thr 190 from GRPR (Thr 190 -GRPR) on NMB affinity was determined. This deletion did not increase the affinity (150 Ϯ 10 nM) for NMB ( Fig.  5 ; Table 2 ). However, when the EC3 mutation [H202Q] was combined with the Thr 190 deletion in GRPR, [T190-,H202Q], a greater gain in NMB affinity (12 Ϯ 1 nM) was seen than the gain of NMB affinity with H202Q alone (Fig. 6) . The differences seen with the gain-of-affinity chimeric receptors were not due to a global alteration of receptor conformation, be- Table 2 ). EC3 NMBR Mutants (Loss-of-Affinity Point and Combination Mutants). To attempt to confirm the findings from the GRPR gain-of-affinity point mutations and combination mutations and possibly provide additional insights, seven NMB loss-of-affinity NMBR point mutants were made in the EC3 of NMBR. These loss-of-affinity NMBR point mutants were made by substituting in NMBR the comparable different amino acids in the GRPR (Fig. 4) . The substitution of isoleucine in position 199 in the EC3 of NMBR by an alanine ([I199A]NMBR), which is in the comparable position of GRPR, produced the most marked decrease (8.6-fold) in NMB affinity (from 1.0 Ϯ 0.2 to 8.6 Ϯ 1.5 nM) ( Fig. 7, top ; Table 3 ). Point mutants [I187F] and [Q203H] in EC3 of the NMBR also showed a decrease in their affinity for NMB (3.2-4.9-fold), but to a less extent that than seen with [I199A] (Fig. 7, top; Table 3 ). However, the NMBR mutations [G188H], [S189V], or [S190K] did not produce changes in the affinity for NMB (Fig. 7, top; Table 3 ). Furthermore, the addition of a threonine after position 191 ( [-191 .5T]NMBR) in NMBR to make the EC3 of NMBR a size similar to that of GRPR (Fig. 4) did not produce changes in NMB for the mutant NMBR (Fig. 7, top; Table 3 ). The differences seen with these loss-of-affinity NMBR mutant receptors were not due to a global alteration of receptor configuration, because the [I187F] and [Q203H] mutant NMBR retained high affinity for Bn (Table 3 ). The point mutation [I199A]NMBR also showed a decrease in affinity for Bn (30.9 Ϯ 7.2 nM) (Table 3) in addition to NMB; however, it demonstrated the same affinity for the potent and selective NMBR antagonist PD168368 (34.1 Ϯ 5.7 nM) (Table 4) (Ryan et al., 1999) as observed in wild-type NMBR (31.9 Ϯ 2.6 nM) ( Table 4 ), demonstrating that these changes in affinity for NMB and Bn were not due to a global alteration in the receptor structure. None of the combinations of NMBR loss-of-affinity mutations [I187F,-191 .5T], [S190K,-191.5T], or [-191.5T ,Q203H] caused a greater loss-of-affinity for NMB than the point mutant [-191 .5T] alone (Fig. 7, bottom) . However, when the addition of threonine to the EC3 in NMBR to make a comparable length to the EC3 in GRPR ( [-191 .5T]NMBR) was combined with the EC3 mutation I199A ( [-191 .5T,I199A]NMBR) an additive decrease in affinity for NMB was observed (10 Ϯ 1 nM) (Fig. 7,  bottom) . Because the combination gain-of-affinity GRPR mutation [A198I,H202Q]GRPR completely restored NMB affinity to GRPR, we made the equivalent combination of NMBR loss-of affinity mutant [I199A,I216S]NMBR. [I199A,I216S]-NMBR demonstrated a complete loss of affinity for NMB, showing that this combination mutation had a greater effect than I199A alone (data not shown). (Fig. 4) for high-affinity NMB interaction suggests that hydrophobicity or steric effects of the substitution could be important. To explore these possibilities, additional NMBR point mutants were made by replacing isoleucine 199 of NMBR with different amino acids that show a wide range in hydrophobicity. Isoleucine 199 was replaced by the following amino acids: leucine or valine with high hydrophobicity; methionine, with a moderately high level; alanine, with intermediate hydrophobicity; and finally, glutamic acid and lysine, with a low hydrophobicity (Black and Mold, 1991) . The substitution of isoleucine in position 199 of NMBR with amino acids with moderately high to high hydrophobicity [leucine, valine, and methionine] had either no effect or only a minimal effect on NMB affinity [i.e., IC 50 ϭ1.2-2.3 nM; Table 4 ]. The substitution with alanine with intermediate hydrophobicity caused a 10-fold decrease in NMB affinity (Table 4) . Moreover, the substitution of isoleucine 199 in NMBR by amino acids with low hydrophobicity, such as glutamic acid or lysine, produced a marked loss-of-affinity (36 -54-fold) for NMB, which was even greater than the decrease in NMB affinity, with the substitution of the comparable amino acid in GRPR [i.e., alanine (10-fold)] (Table 4) . These differences seen with the loss-of-affinity position 199 NMBR mutant receptors were not due to a global alteration of receptor conformation, because each mutant receptor retained high affinity for ,␤Ala 11 ,Phe 13 ,Nle 14 ]Bn-(6 -14) (data not shown) and/or PD168368 (Table 4) .
GRPR Point Mutants for Histidine in Position 202. The importance of glutamine in position 203 in NMBR for NMB affinity rather than a histidine in the similar position in GRPR (i.e., [H202Q]GRPR) (Figs. 4 and 5 ) was investigated in more detail. To explore the basis for the differences in more detail, additional possible GRPR gain-of-affinity for NMB point mutants were made by replacing histidine 202 of GRPR with related amino acids with different properties: three amino acids with different aromatic rings (phenylalanine, tryptophan, and tyrosine), with an uncharged amino acid with an aliphatic backbone substitution (i.e., alanine), or with two other basic amino acids (lysine and arginine) ( Fig. 8 ; Table 5 ). The substitution of histidine in position 202 in GRPR by tyrosine caused the most prominent effect with a 4-fold gain-of-affinity of NMB ( Fig. 8 ; Table 5 ) and had a greater effect than the replacement of histidine by glutamine [H202Q] (2.5-fold) or by alanine (2.0-fold) ( Fig. 8 ; Table 5 ). However, a phenylalanine substitution for histidine in position 202 caused only a small increase in the affinity of NMB (1.7-fold). Furthermore, no changes in the affinity for NMB were observed when lysine, arginine, or tryptophan was substituted for histidine in position 202 ( Fig. 8 ; Table 5 ).
Discussion
This study was undertaken to provide insights into the molecular basis for selectivity/high affinity of the NMBR for its natural agonist, NMB. The NMBR interacts with high affinity with one member (i.e., NMB) of a family of closely related, naturally occurring peptides (von Schrenck et al., 1989; Jensen et al., 2008) . Despite the importance of NMBR in mediating many physiological/pathological processes (Sun et al., 2000; Jensen et al., 2008) , there is little known about the molecular basis for its selectivity. This is in marked contrast to the interaction of GRP with GRPR, which has been extensively studied Tokita et al., 2001b; Nakagawa et al., 2005; Jensen et al., 2008) . One study ) that used comparative amino acid analysis of the structures of various Bn receptors identified four amino acids (Arg 127 , Ser 205 , His 294 , and Ser 315 ) in BRS-3, which determined its low NMB affinity. However, these four amino acids are conserved in the NMBRs and GRPRs from different species, and they do not provide any information about the differences in the affinity of NMB for NMBR over GRPR (von Schrenck et al., 1989; Sainz et al., 1998; Tokita et al., 2002; Jensen et al., 2008) . Only one study examined the selectivity of NMBR for NMB. In that study, changing an isoleucine in position 216 in the upper TM5 domain of NMBR with the comparable amino acid in GRPR (serine 215) decreased affinity for NMB . Other receptor regions were not systematically evaluated . In our study, we systematically examined the molecular basis of high affinity/selectivity of NMBR for NMB by using a combined chimeric/site-directed mutagenesis approach. A number of our results support the conclusion that differences in extracellular receptor domains and adjacent upper TM domains of the GRP/NMB receptors play an important role in NMB selectivity. First, with GRPR gain-of-affinity chimeras constructed by replacing GRPR EC domains by those from NMBR, differences in EC3 were the important determinants of NMB selectivity. Second, when the reverse study was performed with NMBR loss-of-affinity chimeras, the EC3 replacement had the most prominent effect. Third, the im- ͔Bn-(6 -14) for wild-type GRP or NMB peptide and for selected single and double EC3 amino acid(s) mutant GRP receptors (gain-of-affinity). All mutants were from the EC3 regions (see Fig. 4) , with the exception of the ͓S215I͔GRPR mutants, which contains a substitution of a serine by isoleucine in the upper TM5 (see Fig. 4 ). The terminology ͓D181E͔GRPR, for example, indicates that Asp, which occurs in position 181 of GRPR (see Fig. 4 ) was substituted by Glu, which occurs in the comparable position in NMBR (see Fig. 4 (Ile  216 ) , instead of serine in GRPR (Ser 215 ), was confirmed to be important for NMB selectivity by making a GRPR gainof-affinity mutant (i.e., [S215I]GRPR), as proposed in NMBR loss-of-affinity studies . Compared with GRPR/BRS-3, our results are similar in that both extracellular and upper TM regions are important for selectivity of Bn, GRP, and some BRS-3-selective peptide agonists for GPRR or BRS-3 Tokita et al., 2002; Nakagawa et al., 2005; Gonzalez et al., 2008; Jensen et al., 2008) . Compared with other G-protein-coupled receptors, our results are similar to the interaction of the peptide agonists, substance P with NK-1 receptors (Li et al., 1996) and CCK-8 with CCK-B receptors (Silvente-Poirot et al., 1998) , where both the extracellular and TM domains play a marked role in selectivity. However, the affinity of CCK-8 for the CCK-A receptor (Silvente-Poirot et al., 1998) , secretin for secretin receptors (Holtmann et al., 1995) , or the GRPR peptide antagonist JMV641 (Tokita et al., 2001b) for GRPR is determined by extracellular domains, whereas differences in only TM regions are crucial for affinity of nociceptin for orphanin-FQ receptors (Meng et al., 1996) or the peptoid antagonist PD168368 for NMBR (Tokita et al., 2001a) .
Our finding that important differences in determining NMB affinity/selectivity for NMBR/GRPR were in EC3 and that the upper TM5 region has both similarities and differences from studies with other Bn receptors or non-Bn Gprotein-coupled receptors. In contrast, differences in EC2 are primarily important for the high affinity of some BRS-3-selective peptide agonists (Gonzalez et al., 2008) , and differences in EC4 are important for GRPR selectivity of the highly selective GRPR peptide antagonists, JMV641 and JMV594 (Tokita et al., 2001b) . Likewise, the high affinity of GRP or Bn for GRPR is primarily determined by differences from other Bn receptors in the EC3 region Tokita et al., 2002) . In addition, with rat CCK-B receptor, EC3 plays a critical role for high-affinity interaction with gastrin (Silvente-Poirot and Wank, 1996) and CCK (SilventePoirot et al., 1999) . Likewise, with the human corticotropinreleasing factor (CRF) receptor-1, both EC3 and TM5 were important for the peptide ligand rat/human CRF affinity (Liaw et al., 1997) . Furthermore, with the vasoactive intes- tinal peptide receptor 1, high affinity for the peptide agonist peptide histidine isoleucinamide is determined by residues in EC2 and TM3 (Couvineau et al., 1996) . In contrast, only the TM5 of NMBR and the neurokinin-1 receptor is critical for the high selectivity of the peptoid antagonists PD168368 (Tokita et al., 2001a) and CP96345 (Fong et al., 1992) .
Within EC3 domain, 20 amino acids differ between NMBR and GRPR, with two differences [Ile 199 , Gln 203 in NMBR instead of Ala 198 , His 202 in GRPR] causing EC3 to be responsible for the high NMB selectivity of NMBR. These results demonstrated that NMBR and GRPR, which share 51% homology, have both similarities and differences in the location/ nature of the key determinants of their selectivity for their respective naturally occurring agonist ligand, NMB or GRP. They are similar in that differences in EC3 play a key role in selectivity of NMBR for NMB and GRPR for GRPR (Tokita et al., 2002) . In addition, with both receptors, the presence of the amino acid in the same position in the EC3 (Ile  199 in NMBR or Ala 198 in GRPR) plays a major role (Tokita et al., 2002) . The basis of the agonist selectivity of these two receptors differs in that Gln 203 in EC3 and Ile 216 in TM5 of NMBR, instead of His 202 and Ser 215 in GRPR, respectively, are crucial for determining in NMBR affinity but not for GRPR affinity for GRP (Tokita et al., 2002) . Not only was the presence of either an isoleucine in position 199 or 216 of NMBR important for NMB affinity, their presence in combination had a greater effect than either one alone. The fact that these two mutations together had a potentiating effect for NMB affinity could be the result of additive interaction with the ligand, a global change in the receptor conformation, or the fact that the two amino acids are necessary for a specific ]Bn as the ligand. Each point on the dose-inhibition curve is the mean Ϯ S.E.M. from at least three separate experiments, and each point was determined in duplicate in each experiment. Data are expressed as the percentage of saturable binding when no unlabeled peptide was present. Curved arrows indicate gain-in-affinity for NMB compared with the wild-type GRPR.
TABLE 5
Importance of the amino acid substitution in position 202 of GRPR for determining affinity for NMB The affinities (IC 50 ) were determined as described in Table 1 and, for NMB, were from the dose-inhibition curves shown in Fig. 8 . Studies were performed in transiently transfected Balb-3T3 cells as described in Table 1 binding site conformation. Our results showing a synergetic effect on agonist affinity of multiple substitutions are similar to findings reported for the selectivity of peptide histidine isoleucinamide for the human vasoactive intestinal peptide receptor 1 (Couvineau et al., 1996) , GRP for GRPR over human BRS-3 (Nakagawa et al., 2005) , the BRS-3-selective agonist Ac-Phe-Trp-Ala-His(tBzl)-Nip-Gly-Arg-NH 2 for BRS-3 over GRPR (Gonzalez et al., 2008) , and the peptide antagonists JMV594/JMV641 for GRPR over NMBR (Tokita et al., 2001b) and the nonpeptide antagonist CP96345 for human over the rat neurokinin-1 receptor (Fong et al., 1992) . Our finding of the importance of an isoleucine in NMBR instead of serine in GRPR in TM5 (Ile 216 NMBR) or Ala in EC3 (Ile 199 ) has both similarities and differences from findings with a number of other G-protein-coupled receptors (Greenfeder et al., 1999) . Isoleucine in TM5 in the neurokinin-2 receptor is necessary for high affinity for the agonist NKA as well as that in neurokinin-1 receptors for the antagonist MDL103,392 (Greenfeder et al., 1999) . In contrast, substitution of methionine in TM5 of the CRF type 1 with isoleucine markedly (75-fold) decreased affinity for the nonpeptide antagonist NBI35965 (Hoare et al., 2006) . Likewise, isoleucine in TM3 of the melanocortin-4 receptor was important for high affinity for melanocortin-4 receptor ligands (tetrahydroisoquinoline, M10, and adrenocorticotropin hormone) (Nickolls et al., 2003) . Our results are similar to findings with both the CCK-1 and NK-2 receptors, where replacement of isoleucine in TM5 or TM7, respectively, with alanine markedly decreased agonist affinity (Greenfeder et al., 1999; Escrieut et al., 2002) . There is almost no information on the molecular mechanisms that determine the importance of the presence of an isoleucine in the different Gprotein-coupled receptors for high-affinity ligand interaction. Isoleucine is particularly important for hydrophobic interactions, which could contribute either to receptor protein folding and/or conformational receptor change or to receptorligand interaction (Mosebi et al., 2003) . In NMBR, the isoleucine 199 is located adjacent to Cys 198 in EC3, which is presumed to form a disulfide bridge with Cys 116 in EC2, which is important in determining EC3 conformation. The possibility that the substitution of isoleucine 199 in NMBR, with the equivalent amino acid alanine in GRPR, could be effecting the global conformation of NMBR or the receptor structure is supported by studies that show that the presence of isoleucine promotes formation of Cys-Cys bridges (Kim, 2006) . Our data suggest that it is unlikely that the presence of an alanine instead of isoleucine 199 is altering the global structure of the mutated receptor because the mutated receptor retained affinity for other peptide ligands. One of the principal differences in substituting alanine for isoleucine 199 is a marked change in hydrophobicity. We explored the importance of this change by making several NMB affinity point mutants with 199 replacements with variable hydrophobicity. Substitution of isoleucine 199 in NMBR, with either glutamic acid or lysine, both having much lower hydrophobicity, caused a marked decrease in affinity for NMB, as did the substitution of alanine, which also has reduced hydrophobicity compared with isoleucine. However, when isoleucine 199 was substituted by amino acids with high hydrophobicity (leucine and valine) or with a moderately high hydrophobicity (methionine), either no difference or only a slight decrease in the affinity of NMB for NMBR was observed. These results support the conclusion that the hydrophobicity of the substitution in position 199 of NMBR plays a crucial role for NMBR affinity for NMB and suggest that the substitution of isoleucine with alanine creates a difference in the transfer-free energies that could influence hydrophobicity and the thermodynamics of protein folding (Escrieut et al., 2002) .
We also found that the presence of glutamine in NMBR (position 203) rather than histidine in GRPR (position 202) in the EC3 domain was important for NMB high affinity/selectivity. This result is similar to the peptide agonist PL017 for the -opioid receptor where a [H297Q] receptor replacement altered affinity 5-fold (Spivak et al., 1997) . To provide possible insight into the molecular basis of this change, we made several GRPR (position 202) point mutants. Our results demonstrated that the substitution of histidine by either arginine or lysine, two other basic amino acid(s), did not improve the NMB affinity. In contrast, replacement of histidine by uncharged amino acids (Ala 202 ,Tyr 202 ) or glutamine all increased affinity, suggesting that the lack of basicity of the substitution in position 202 of GRPR was an important determinant of NMB affinity. Our results also supported the conclusion that neither differences in hydrophobicity of the amino acid backbone substitution nor the presence of an aromatic ring substitution per se were major determinants of this change of affinity; however, steric factors could play a minor role because insertion of a large aromatic group did not improve affinity.
In conclusion, our study demonstrates that three amino acid differences in the EC3 region of NBMBR and GRPR are critical for determining NMB affinity/selectivity. The change in NMB affinity/selectivity mediated by these differences is largely due to differences in hydrophobicity and to a lesser extent charge and steric factors with the different substitutions.
